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Shlomo Almog,1,3 Daniel Kurnik,1,3 Avichai Shimoni,2,3 Ronen Loebstein,1,3 Eyal Hassoun,1
Asher Gopher,1 Hillel Halkin,1,3 Arnon Nagler2,3High-dose busulfan (Bu) is frequently used in preparative myeloablative conditioning (MAC) regimens for pa-
tients undergoing hematopoietic stem cell transplantation (HSCT). MAC and reduced-intensity conditioning
(RIC) protocols for i.v. Bu infusion have been developed to achieve reliable systemic exposure while minimiz-
ing toxicity and treatment failure (relapse). The objectives of the present study were to (1) compare the phar-
macokinetics (PK) of i.v. Bu in different dosing protocols, (2) compare intrasubject variability of Bu PK over
repeated administrations; (3) examine the effect of concomitant administration of fludarabine on Bu PK, and
(4) examine the effect of plasma concentrations of glutathione (GSH), the cosubstrate in Bu metabolism, on
Bu clearance. We studied Bu PK twice in each of 46 HSCT patients (after the first and then after the middle
dose of the treatment cycle) receiving one of 4 dosing protocols, 2 MAC (cumulative dose, 12.8 mg/kg) and 2
RIC (cumulative dose, 6.4 mg/kg), with daily doses administered either as an individual infusion (3.2 mg/kg) or
as 4 infusions of 0.8 mg/kg each. Blood samples were obtained for 6-24 hours after dosing for measurement
of Bu plasma concentrations. PK parameters were estimated using compartmental analyses. In a subgroup of
patients (n5 14), GSH blood concentrations were determined before Bu administration. Dose- and weight-
corrected Bu PK parameters (clearance, 0.1736 0.051 L/hour $ kg; volume of distribution, 0.716 0.17 L/kg;
half-life time, 3.06 0.7 hours) did not differ among treatment protocols (all P..14) and remained stable be-
tween the first and mid-cycle doses. Fludarabine did not affect Bu PK. Blood GSH concentrations before Bu
dosing were positively correlated with Bu clearance (adjusted R25 0.45; P5.009). Our data indicate that Bu
PK parameters are linear, stable, and predictable in different i.v. protocols and are unaffected by coadminis-
tration of fludarabine. Differences in whole blood GSH might contribute to variability in Bu clearance.
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Busulfan (Bu), a bifunctional alkylating agent, is
commonly used in conditioning therapy for hematopoi-
etic stem cell transplantation (HSCT). Oral administra-
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6/j.bbmt.2010.06.017intrapatient variability in its pharmacokinetic (PK)
parameters, reflecting erratic intestinal absorption,
differences in patient age, body weight, disease status,
concomitant medications, and genetic variability in
glutathione-S-transferase (GST), the main enzyme me-
diating Bu metabolism [1,2]. This large interindividual
variability in Bu PK together with its narrow therapeutic
window may result in overexposure and increased
toxicity, such as hepatic veno-occlusive disease
(VOD), interstitial pneumonia, hemorrhagic cystitis,
convulsions, and mucositis. Alternatively, underexpo-
sure may lead to disease relapse and/or engraftment
failure.
In light of the unpredictable bioavailability of oral
Bu, protocols for i.v. administration have been devel-
oped. These include i.v. Bu regimens for myeloablative
conditioning (MAC) and reduced-intensity condition-
ing (RIC) (cumulative doses of 12.8 mg/kg or 6.4 mg/
kg, respectively), with daily doses administered either
as a single infusion (3.2 mg/kg  1/day) or divided117
118 Biol Blood Marrow Transplant 17:117-123, 2011S. Almog et al.into 4 infusions (0.8 mg/kg  4/day), in combination
with either cyclophosphamide or fludarabine (Flu) [3].
Compared with oral administration, i.v. Bu has a more
stable PK profile, resulting in reduced toxicity andmor-
tality, as well as increased overall and progression-free
survival in HSCT patients [4-6]. However, even with
i.v. dosing, much interindividual variability in drug
exposure remains, reflected in the 3-fold range of
dose-adjusted area under the plasma concentration
curves (AUCs) [7]. Limited information is available
regarding factors contributing to this variability.
The only known Bumetabolic pathway is conjuga-
tion with glutathione (GSH) to form a tetrahydrothio-
phenium ion (THT1). In this reaction, mediated by
GST, the cosubstrate GSH is oxidized to GSH disul-
fide (GSSG). In vitro studies in hepatic cell cultures
have shown that decreased GSH concentrations result
in reduced metabolic detoxification and increased Bu
toxicity [8]. Indeed, treatment with N-acetylcysteine,
a precursor of GSH, may reduce Bu-related toxicity
[9]. Whether GSH status affects Bu metabolism in
humans in vivo remains unknown.
Our objectives were to study the linearity and
stability of the PK of i.v. Bu in different MAC and
RIC protocols over a 4-fold dose range and repeated
administrations. We also examined whether Bu PK pa-
rameters are altered by coadministration of Flu and, in
a subgroup of patients, whether Bu clearance and toxic-
ity are associated with blood concentrations of reduced
GSH and its oxidation product GSSG.METHODS
Patients
Patients receiving i.v. Bu as part of a MAC or RIC
regimen before HSCT for hematologic malignancies
were eligible for inclusion. The study was approved
by Sheba Medical Center’s Institutional Review Board,
and all patients provided written informed consent.
A total of 46 patients (median age, 54 years; range,
20-70 years; 22 females) were included. Indications
for HSCT included acute myelogenous leukemia and
myelodysplastic syndrome in the majority of the cases
(n5 33; 72%), followed by chronicmyelogenous leuke-
mia and other myeloproliferative diseases (n5 6; 13%),
lymphoma or multiple myeloma (n 5 5; 11%), and
other indications (n 5 2; 4%). At the outset of chemo-
therapy, 25 patients (54%) had active disease, and 21 pa-
tients (46%) were in remission. Patients were assessed
for regimen-related toxicities, graft-versus-host disease
(GVHD), relapse, and survival. VOD was diagnosed
according to the criteria of Jones et al. [10].
Bu Dosing Regimens
Patients received i.v. Bu according to one of 4
protocols (2 RIC protocols and 2 MAC protocols), atthe discretion of the attending oncologist. In the 2
RIC protocols, i.v. Bu (Busulfex; Otsuka Pharmaceuti-
cal, Tokyo, Japan) was administered at a daily dose of
3.2 mg/kg of ideal body weight for 2 consecutive days,
from day 24 to day 23 (total dose, 6.4 mg/kg), either
as 8 infusions of 0.8 mg/kg each administered every 6
hours (designated protocol RIC0.8) or as 2 infusions of
3.2 mg/kg given every 24 hours (protocol RIC3.2). Indi-
vidual doses of 0.8 mg/kg and 3.2 mg/kg were adminis-
tered over 2 and 3 hours, respectively. Both RIC
protocols included concomitant daily Flu administra-
tion (daily dose, 30 mg/m2) given on days 26 to 22,
for a total of 5 treatment days.
For the 2 MAC protocols, patients received i.v. Bu
at daily dose of 3.2 mg/kg for 4 consecutive days, from
day 28 to 25 (total dose, 12.8 mg/kg), either as 16
doses of 0.8 mg/kg each given every 6 hours (protocol
MAC0.8) or as 4 doses of 3.2 mg/kg administered every
24 hours (protocol MAC3.2). Both MAC protocols
were followed by cyclophosphamide administration
on day 23 and 22 (total dose, 120 mg/kg).
The Bu dose was not adjusted based on Bu plasma
concentration. Supportive treatments in all patients in-
cluded phenytoin (starting before the first dose and
continuing until 24 hours after completion of Bu ther-
apy) and prophylactic antibiotics (sulfamethoxazole/
trimethoprim concomitantly with chemotherapy and
fluconazole and acyclovir after the completion of che-
motherapy) [3]. None of the patients received an oral
contraceptive or a tyrosine kinase inhibitor during
the period preceding HSCT.
PK Studies
Bu PK parameters were studied twice in each pa-
tient, once after the first infusion and again after the in-
fusion given midway in the course of treatment (after
administration of 50% of the total cumulative dose).
For patients receiving Bu infusions of 0.8 mg/kg,
blood samples were drawn immediately before and at
0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, and 6 hours after starting
the first Bu dose and also at mid-treatment, after the
fifth dose for patients on an RIC protocol or after
the ninth dose for those on an MAC protocol. For
patients receiving individual infusions of 3.2 mg/kg,
blood samples were drawn immediately before and at
0.5, 1, 1.5, 3, 3.25, 3.5, 4, 6, 8, 10, 12, 16, and 24 hours
after starting the first dose and also at mid-treatment,
after the second dose for patients on a RIC protocol
or after the third dose for those on a MAC protocol.
Bu Assay
Bu plasma concentrations were measured by gas
chromatographyemass spectrometry (GC-MS) as
described previously [11] with slight modifications,
with 1,5pentanediol dimethylsulfonate (kindly do-
nated by Orphan Medical, Minnetonka, MN) used as
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Busulfan Eliminationan internal standard (IS). After extraction and iodin-
ation, GC-MS analysis was carried out on an Agilent
6890 gas chromatograph (Agilent Technologies, Santa
Clara, CA) equipped with 30 m HP-5MS capillary
fused silica column and interfaced with an HP 5972
mass-selective detector (Agilent Technologies, Santa
Clara, CA). The temperature program was set to an
initial temperature of 70C for 1.5 minutes, followed
by an increase to 190C at a rate of 45 degrees C per
minute with a hold time of 2.5 minutes. MS was
operated in electron impact ionization mode. The
1,4-diiodobutane (from Bu) and 1,4-diiodopentane
(from IS) were quantified by selected ions at m/z 183
and m/z 197, respectively. The calibration curve was
linear (r25 0.995) up to 3500 ng/mL. The limit of de-
tection was 60 ng/mL, and the accuracy was within
10% of the target concentration. For a plasma Bu con-
centration of 500 ng/mL, the interassay and intra-
assay coefficients of variation were 6.5% and 5.0%,
respectively.
GSH and GSSG Assays
During the study, a high-performance liquid chro-
matography (HPLC) assay was set up to measure GSH
and GSSG levels in whole blood samples, as described
previously [12]. Thus, in the final 14 patients, GSH
and GSSG were determined in whole blood samples
obtained before the first dose (day 1) and before the
mid-treatment dose of Bu (on day 2 for RIC protocols
and on day 3 for MAC protocols). In brief, aliquots of
whole blood samples were treated immediately with
15% perchloric acid, incubated on ice for complete
deproteinization, and centrifuged. Supernatants were
collected and stored at270Cuntil the assay. The anal-
ysis was carried out on an isocratic HPLC device
(ESA Biosciences, Chelmsford, MA) equipped with
a 5-channel electrochemical detector (CoulArray
5600A; ESA Biosciences, Chelmsford, MA), a Luna
C-18 column (5-mm particles, 100 $ 4.6 mm), and a Se-
curityGuard cartridge (Phenomenex, Torrance, CA).
For GSH and GSSG, the calibration curves were linear
(r2 $0.995) in the ranges of 10-1000 mM and 10-250
mM, respectively. The limit of detection was 2 mM for
GSH and 3 mM for GSSG. For both compounds, the
analytical recovery was .96%, and the accuracy was
within 10%of the target concentration. The inter-assay
and intra-assay coefficients of variation were\6% and
\4.0% for GSH and\7% and\5.5% for GSSG, re-
spectively. Whole blood levels of GSH and GSSG
were expressed as mM/g hemoglobin units.
PK Analysis
Bu PK parameters were calculated using both
compartmental and noncompartmental analyses (Win-
Nonlin Pro software version 2; Pharsight, Mountain
View, CA). For compartmental analysis, the plasmaconcentration versus time data were fitted to a one-
compartment open model with constant infusion input
and first-order output. PK parameters were estimated
separately for the first infusion and for the mid-
treatment infusion, in which a simultaneous bolus i.v.
component was incorporated in the PK model to ac-
count for the residual amount of Bu in the body at the
beginning of the dosing cycle. Volume of distribution
(Vd) and elimination rate constant (ke) were the primary
parameters derived from model estimates, whereas
half-life time (t½ 5 ln2/ke), clearance (Cl 5 Vd $ ke),
and the AUC versus time curve (AUC 5 dose/Cl)
were calculated from the primary parameters.
For noncompartmental analysis, the AUC was cal-
culated by the log-linear trapezoidal rule. For the first
dose, the AUC was extrapolated to infinity (AUC0-inf)
by the addition of Clast/lz, where Clast and lz are the
last measured concentration and the terminal slope
on the Ln scale, respectively. Plasma clearance was cal-
culated by dividing the dose by AUC0-inf (for the first
dose) or AUC during the dosing interval (AUC0-Tlast)
for the mid-treatment dose [13]. Both compartmental
and noncompartmental analyses yielded very similar
results; thus we report only the results of the compart-
mental analysis.Data Analysis and Statistics
Continuous variables are presented as mean 6
standard deviation or median and interquartile range
(IQR). PK linearity was determined by comparing
PK parameters of patients who received individual
doses of 0.8 mg/kg and 3.2 mg/kg. Within-patient
PK stability was assessed by paired comparisons of
PK parameters obtained after the first and mid-
treatment doses using the paired t test or Wilcoxon’s
signed-rank test. PK parameters were compared
among treatment groups by analysis of variance
(ANOVA) or the Kruskal-Wallis test. Linear and
logistic regression analyses were used to examine the
associations of covariates (ie, age, sex, body weight,
diagnosis, disease activity, and treatment protocol)
with continuous or categorical outcomes. All tests
were two-tailed, and P values\.05 were considered
significant. All analyses were performed using SPSS
version 15 (SPSS Inc, Chicago, IL).RESULTS
Bu Therapy
Eighteen patients received an MAC protocol (9
with individual doses of 0.8 mg/kg [designated
MAC0.8] and 9 with individual doses of 3.2 mg/kg
[MAC3.2]), whereas 28 patients received RIC protocols
(15 with individual doses of 0.8 mg/kg [RIC0.8] and 13
with individual doses of 3.2 mg/kg [RIC3.2]).
Table 1. Clinical Outcome of Bu Treatment by Treatment Regimen
MAC (Cumulative Dose, 12.8 mg/kg) RIC (Cumulative Dose, 6.4 mg/kg)
Outcome
3.2 mg/kg  1/Day
(n 5 9)
0.8 mg/kg  4/Day
(n 5 9)
3.2 mg/kg  1/Day
(n 5 13)
0.8 mg/kg  4/Day
(n 5 15)
Mortality 6 (66.7%) 4 (44.5%) 6 (46.2%) 7 (46.7%)
Relapse-related 2 (22.2%) 1 (11.1%) 5 (38.4%) 6 (40%)
Treatment-related 4 (44.4%) 3 (33.3%) 1 (7.7%) 1 (6.7%)
Regimen-related 2 (22.2%) 0 (0%) 1 (7.7%) 0 (0%)
VOD 2 (22.2%) 2 (22.2%) 2 (15.3%) 0 (0%)
Acute GVHD 3 (33%) 3 (33.3%) 1 (7.7%) 4 (26.7%)
Maximal serum bilirubin, mg/dL, median (IQR) 4.2 (1.8-20.6) 5.5 (1.9-10.5) 2.2 (1.3-4.4) 1.5 (1.1-3.4)
Bu indicates busulfan; GVHD, graft-versus-host disease; IQR, interquartile range; MAC, myeloablative conditioning; RIC reduced-intensity conditioning.
Treatment-related mortality is defined as all causes of nonrelapse mortality. Regimen-related mortality (eg, because of direct organ toxicity secondary to
VOD) is included in the total incidence of treatment-related mortality.
120 Biol Blood Marrow Transplant 17:117-123, 2011S. Almog et al.Compared with patients receiving a RIC protocol,
those receiving an MAC protocol were younger (me-
dian age, 47 years [IQR, 35-53 years] for patients on
a MAC protocol vs 58 years [IQR, 53-61 years] for
those on a RIC protocol; P 5 .001) and more likely
to have active disease (52.0% vs 23.8%; P 5 .051),
but the treatment groups did not differ with respect
to the underlying malignancies.Clinical Outcomes
Median follow-up was 421 days (IQR, 115-586
days). Table 1 summarizes clinical outcomes by treat-
ment protocol. Overall, 23 patients (50%) died, all
within 260 days after HSCT. Mortality was relapse-
related (n5 14) or treatment-related (n5 9), including
regimen-relatedmortality (n5 3).Mortality was related
to disease activity before HSCT (adjusted odds ratio
[OR], 23.8; 95% confidence interval [CI], 3.8-148.5;
P 5 .001), but not to diagnosis, treatment protocol,
age, sex, or body weight (all P ..20). Treatment-
related adverse effects are listed in Table 1 by treatment
protocol. Six patients (13.0%) developed VOD, includ-
ing 4 of 18 patients receiving a MAC protocol (22.2%)
and 2 of 28 patients receiving a RIC protocol (7.1%;
P value for difference between RIC and MAC, .19).
Four patients had severe VOD, all of them with active/Table 2. PK Parameters (Compartmental Model) Derived after Ad
RIC (n 5 28)
Protocol RIC0.8 (n 5 15) RIC3.2 (n 5 13) MAC
Actual individual dose, mg/kg IBW 0.70 ± 0.08 2.73 ± 0.49 0.7
AUC0-inf, mM $min 1111 ± 337 4214 ± 1153 111
AUC0-inf /dose, L/hour 0.0937 ± 0.0307 0.0962 ± 0.0212 0.092
Cl/BW, L/hour $kg 0.174 ± 0.067 0.166 ± 0.045 0.17
Vd/BW, L/kg 0.753 ± 0.250 0.698 ± 0.140 0.67
Cmax mg/L 812 ± 190 2743 ± 595 87
Cmax/dose, L
21 0.0166 ± 0.0039 0.0150 ± 0.0033 0.018
t1/2, hours 3.1 ± 0.8 3.0 ± 0.5 2
PK indicates pharmacokinetics; Bu, busulfan; RIC, reduced intensity conditionin
applicable; BW, body weight; IBW, ideal body weight.
P values are for comparisons among the 4 treatment protocols by ANOVA.refractory leukemia at the time of HSCT receiving
aMACprotocol. Two patients receiving aRICprotocol
had mild and reversible VOD. Maximal bilirubin
concentration was higher in patients receiving a MAC
protocol (median, 4.9 mg/dL [IQR, 2.1-14.4 mg/dL]
vs 1.9 mg/dL [IQR, 1.2-3.6 mg/dL]; P 5 .020)
(Table 1). aGVHD grade II-IV occurred in 11 patients
(23.9%) and was unrelated to treatment protocol
(P5 .30).
Bu PK
PK parameters derived from compartmental
analysis after the first Bu dose (corrected for dose
and body weight) are summarized in Table 2.
Linearity
PKparameters did not differ among the 4 treatment
protocols (Table 2).When grouping the treatment pro-
tocols by individual doses, no differences were seen be-
tween patients receiving individual doses of 0.8 mg/kg
and 3.2 mg/kg in terms of clearance (0.173 6 0.043
L/hour $ kg vs 0.173 6 0.058 L/hour $ kg; P 5 .99),
Vd (0.70 6 0.12 L/kg vs 0.72 6 0.20 L/kg; P 5 0.68)
and t1/2 (2.9 6 0.5 hours vs 3.0 6 0.8 hours; P 5 .53),
whereas Cmax/dose was approximately 14% lower after
the 3.2-mg dose (0.017 6 0.004 L21 vs 0.015 6 0.003ministration of the First Bu Dose
MAC (n 5 18)
0.8 (n 5 9) MAC3.2 (n 5 9) P Value All Patients (n 5 46) CV, %
4 ± 0.07 2.93 ± 0.24 <.001 NA NA
3 ± 310 4186 ± 1245 <.001 NA NA
9 ± 0.0261 0.0863 ± 0.0202 .84 0.0928 ± 0.0249 26.8
2 ± 0.043 0.182 ± 0.051 .93 0.173 ± 0.051 29.6
3 ± 0.091 0.707 ± 0.097 .71 0.713 ± 0.170 23.8
8 ± 92 2807 ± 578 NA NA NA
0 ± 0.0035 0.0144 ± 0.0038 .14 0.0160 ± 0.0037 23.1
.9 ± 0.9 2.8 ± 0.4 .64 3.0 ± 0.7 23.3
g; MAC, myeloablative conditioning; AUC, area under the curve; NA, not
Table 3. Concentrations of GSH and GSSG and the GSH/GSSG Ratio by Treatment Protocol
All Patients (n 5 14) RIC Protocols (n 5 8) MAC Protocols (n 5 6)
Median (IQR) P Median (IQR) P Median (IQR) P
GSH1, mM/g Hb 2.4 (1.7-5.1) .022 3.2 (2.2-9.1) .58 2.2 (1.5-3.4) .028
GSH2, mM/g Hb 1.7 (0.7-4.8) 3.3 (1.7-8.2) 0.7 (0.2-1.3)
GSSG1, mM/g Hb 2.1 (1.5-2.6) .048 2.1 (1.5-3.1) .12 2.1 (1.6-2.6) .12
GSSG2, mM/g Hb 2.0 (1.2-2.1) 2.1 (1.4 2.3) 1.6 (1.2-2.0)
GSH1/GSSG1 1.20 (0.93-1.93) .55 1.29 (0.96-2.62) .40 1.20 (0.79-1.75) .028
GSH2/GSSG2 0.84 (0.54-2.61) 2.19 (0.84-3.73) 0.46 (0.11-0.77)
BU indicates busulfan; GSH, glutathione; GSSG, glutathione disulfide; IQR, interquartile range; MAC, myeloablative conditioning; RIC reduced-intensity
conditioning. GSH1 and GSSG1 denote measurements made before the first dose; GSH2 and GSSG2 denote measurements made before the mid-
treatment dose of Bu. P values are for nonparametric within-patient comparisons between the measurements before the first and the mid-
treatment doses (Wilcoxon’s signed-rank test).
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Figure 1. Reduction of pretreatment whole blood GSH concentration
in patients receiving RIC and MAC protocols. The second GSH concen-
tration was measured on day 2 (after a cumulative dose of 3.2 mg/kg) in
patients on an RIC protocol and on day 3 (after a cumulative dose of 6.4
mg/kg) in patients on an MAC protocol. Horizontal lines represent the
median.
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Busulfan EliminationL21; P5 .03), likely because of prolonged infusion time
(2 hours for 0.8 mg/kg vs 3 hours for 3.2 mg/kg).
Stability
On repeated examination at mid-treatment, clear-
ancewasunchanged (0.17360.051L/hr $ kg for thefirst
dose and 0.1706 0.050L/hr $ kg for themid-cycle dose;
mean difference, 0.003 6 0.047 L/hr $ kg; P 5 .72).
Clearance was also stable in subgroups of patients
defined by intensity of conditioning (RIC or MAC; all
P ..24) and by individual Bu dose (0.8 or 3.2 mg/kg;
all P ..53). Comparing patients who received Bu with
fludarabine (RIC protocol) and without (MAC), no dif-
ferences were seen in clearance, Vd, Cmax/dose, and t1/2
(all P..24).
GSH and GSSG
GSH and GSSG blood concentrations before the
first and mid-treatment Bu doses are listed in Table 3.
At mid-treatment, GSH was decreased by a median of
19.4% (P5 .022) andGSSGwas decreased by amedian
of14.4%(P5 .048).Thedecrease inGSHwas seenonly
in patients receiving a MAC protocol (median change,
267.6%; IQR, 289.4 to 238.3%; P 5 .028), with no
change noted in patients receiving a RIC protocol
(24.9%; IQR,217.5 to 15.4%; P5 .58; difference be-
tween treatment protocols, P 5 .001) (Table 3 and
Figure 1). In contrast, the decrease inGSSGwas similar
in patients receiving MAC and RIC protocols (-14.4%
and213.1%; P5 .95) (Table 3). Accordingly, whereas
the GSH/GSSG ratio did not change in the cohort as
a whole (P 5 .55), it decreased significantly in patients
receiving a MAC protocol (P 5 .028), but not in those
on a RIC protocol (P5 .40) (Table 3).
There was a significant correlation between GSH
baseline concentration and Bu clearance after the first
dose (b 5 0.66; 95% CI, 0.20-1.13; P 5 .009; R2 5
0.45) (Figure 2) that remained significant after adjust-
ment for age, sex, body weight, and treatment protocol
(b 5 1.05; P5 .028). When the patient with the high-
est GSH concentration and clearance was excluded
in a sensitivity analysis, the correlation was weakened(R25 0.24; P5 .089). However, on repeat examination
at mid-treatment, this patient again had the highest
GSH and clearance in the group, indicating that the
data for this outlier were not artefactual. Indeed, after
themid-treatment dose, clearance was similarly associ-
ated with pretreatment GSH concentration (b5 0.62;
adjusted P 5 .004; adjusted R2 5 0.47).
GSH whole blood concentrations were not associ-
ated with markers of toxicity, such as maximal plasma
bilirubin concentration (P 5 .26) or VOD (P 5 .62).DISCUSSION
The objectives of the present study were to exam-
ine the linearity of Bu PK after i.v. administration
(comparing PK parameters after doses of 0.8 and 3.2
mg/kg) and their stability (comparing PK parameters
after repeated dosing and during concomitant therapy
with Flu). Our findings demonstrate that Bu PK pa-
rameters are linear in a dosage range between 0.8
and 3.2 mg/kg. In addition, Bu clearance was stable
when comparing the first dose with repeated doses
on day 2 or 3 of treatment. Flu had no affect on Bu PK.
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Figure 2. Correlation of baseline GSHwhole blood concentration and
Bu clearance.
122 Biol Blood Marrow Transplant 17:117-123, 2011S. Almog et al.Our estimates of Bu PK parameters and their
interindividual variability are in the range of previously
published values [14-16]. Those studies also reported
dose linearity in the range of 0.8-3.2 mg/kg, stable
clearance over the treatment cycle, and considerable
interindividual variability in Bu clearance. This
variability might be attributable, at least in part, to
variability in GST activity and GSH status. The first
step in Bu elimination is the formation of THT1 in
a GST-catalyzed reaction, using GSH as a cosubstrate.
Genetic variants in GST isoenzymes (GSTM-1 and
GSTA-1) have been variably associated with Bu clear-
ance [17,18]. In the present study, we found that
concentrations of GSH, the cosubstrate for Bu
metabolism, correlates with clearance, explaining
a significant part of the variability in Bu clearance
among patients both after the first dose and at mid-
treatment. Notwithstanding its biological plausibility,
this novel finding is preliminary in viewof the small sam-
ple size and requires confirmation in future studies.
We observed a reduction in GSH in patients re-
ceiving a MAC protocol (comparing day 1 and day 3
of treatment) but not in those receiving a RIC
protocol (comparing day 1 and day 2 of treatment). A
putative explanation for this finding might be the
balance between the formation and consumption rates
of intrahepatic GSH. GSH is reduced directly during
Bumetabolism (serving as a cosubstrate) and indirectly
by the increases in reactive oxygen species formation
by Bu metabolites. Intracellular GSH is consumed in
redox reactions, with a complete intracellular turnover
of a few hours [19]. Bu in high doses induces oxidative
stress and depletes GSH stores over time [20]. In
turn, various compensatory metabolic pathways are
activated enabling increased GSH synthesis, includ-
ing an immediate increase of transcription factors
(e.g. Nrf-2, NF-kB, and AP-1) and induction of
glutamate-cysteine ligase and GSH kinase [21]. Our
findings of substantial reduction in GSH level and
the GSH/GSSG ratio after prolonged treatment andhigher cumulative doses in patients on a MAC proto-
col, but not in those on a RIC protocol, likely reflect
a dose-dependent effect of Bu on GSH concentration
and oxidative stress. In preliminary studies, concomi-
tant administration of the GSH donor N-acetylcys-
teine improved the GSH/GSSG balance without
reducing the efficacy of Bu [9,22]. Further studies are
warranted to explore the effect of antioxidant
treatments on Bu efficacy and toxicity.
Our study has some limitations. Patients were not
randomly assigned to the different treatment protocols,
and unaccounted confounders might have affected the
comparisons among treatment groups. Our findings
regarding GSH are preliminary in view of the limited
number of patients with GSH measurements; outliers
might have had an undue influence on the correlation
between Bu clearance and GSH concentration. In
addition, we did not assess the effect of GST genotype
on Bu clearance, a genetic marker associated with clear-
ance in some but not all studies [17,18]. Furthermore,
we measured changes in blood GSH concentrations
as a surrogate marker for changes in hepatocellular
GSH concentration. Although a reduction in hepatic
GSH concentration is reflected in reductions in many
other tissues, including blood [23,24], the relationship
between hepatic and blood GSH concentrations is
likely to be complex during dynamic change and acute
oxidative stress.
In conclusion, we found Bu PK to be linear over
a dose range of 0.8-3.2 mg/kg and stable at days 2
and 3 of treatment. Whole blood GSH was positively
associated with Bu clearance and was significantly de-
creased in patients receiving a MAC regimen. Future
studies exploring the combined contribution of GSH
blood concentrations and GST genotype on Bu clear-
ance will be of interest.ACKNOWLEDGMENTS
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